Introduction
Plasmid-mediated gene transfer is a widely used tool in biology and is being investigated as a potential treatment for genetic diseases. As compared to virus-mediated gene transfer, nonviral systems have some potential advantages, such as the large size of transgene that can be accommodated, simplicity in terms of production, and for in vivo applications the reduced possibility of immune responses. A number of methods have been developed to facilitate plasmid-mediated gene transfer, including direct injection, electroporation, and incorporation of plasmid in complexes with cationic lipids, polylysine, and other molecules. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The use of calcium phosphate (CaPi) to coprecipitate DNA was one of the first methods used for DNA transfer to cells. 16 CaPi, as well as cationic lipids and other cationic polymers, condense the DNA and facilitate its uptake into the cell. However, CaPi is not a very efficient method of transfection in most cells. 15 In recent work investigating the use of adenovirus as a gene transfer vector, we and others found that some cells are resistant to infection because they lack specific receptors for the virus. 17 , 18 However, we found that when adenovirus was coprecipitated with CaPi (Ad:CaPi coprecipitates), expression of virus-encoded transgenes was enhanced in cells that are normally resistant to infection. 19 The CaPi precipitate increased adenovirus binding and uptake by the cells. Once inside the cells, adenoviral proteins enhanced escape from the endosome and entry of adenovirus DNA into the nucleus. 20, 21 The contrast between the efficiency of adenovirus:CaPi coprecipitates and the relative inefficiency of DNA:CaPi emphasized the importance of mechanisms that allowed DNA to escape from the endosome and traffic to the nucleus. These observations suggested that if a DNA:CaPi coprecipitate also contained adenovirus, then expression from the plasmid might be improved if the adenovirus also enhanced escape of DNA from the endosome. A similar strategy has been described in which adenovirus was included in complexes of DNA plus a cationic molecule (polylysine or cationic lipids), and in some cases a targeting moiety. [5] [6] [7] [8] 10, 12, 14 In such strategies, the adenovirus was either covalently linked to the cationic molecule or included in the complex via electrostatic interactions. Including adenovirus in the complex by either method markedly improved delivery and expression of plasmid DNA.
Based on these earlier studies, the goal of this work was to test the hypothesis that including adenovirus in a DNA:CaPi coprecipitate could enhance gene transfer and to begin to explore the responsible mechanisms. If adenovirus facilitated gene transfer, it would suggest an important limitation of traditional DNA:CaPi coprecipitates. More importantly, it might have advantages over cationic lipids and polylysine-based nonviral vectors, and it could suggest a strategy for the development of future nonviral vectors.
Results
Including adenovirus in DNA:CaPi coprecipitates enhances transfection To test the effect of incorporating adenovirus in DNA: CaPi coprecipitates, we transfected NIH-3T3 cells with a plasmid expressing ␤-galactosidase. We applied coprecipitates for a short time (30 min), then removed them, and measured transgene expression 18 h later. Figure 1 shows that as the Ca 2+ concentration used to form DNA: CaPi coprecipitates increased, transgene expression increased and in different experiments reached a peak at either 5.6 or 11.6 mm Ca 2+ . This result is consistent with previous reports. 19, 22 Incorporating adenovirus in the coprecipitates (DNA:CaPi:Ad coprecipitates) increased expression 50-to 100-fold, and the relative effect of Ca 2+ concentration was the same as with DNA:CaPi coprecipitates ( Figure 1 ). Adenovirus only significantly increased plasmid-mediated expression when it was present during formation of the coprecipitate; if DNA:CaPi coprecipitates and uncomplexed adenovirus were added to cells, there was minimal (Ͻtwo-fold) increase in expression. In addition to an increase in total enzyme activity, we found that the inclusion of adenovirus in DNA:CaPi coprecipitates increased the percentage of cells expressing transgene. Using the same conditions described above, we evaluated the percentage of ␤-galactosidase-positive cells by X-gal staining with the following results: plasmid alone, 0.8%; DNA:CaPi, 1.9%; DNA:CaPi:Ad, 48.2%. These data indicate that when adenovirus is incorporated in the coprecipitate, it enhances the efficiency of transfection.
We investigated the factors important for generation of effective DNA:CaPi:Ad coprecipitates. Figure 2a shows that as the Pi concentration increased, transgene expression increased, reached a maximum, and then decreased. This result plus the effect of varying Ca 2+ concentration ( Figure 1 ) suggest that formation of an effective precipitate requires an optimal stoichiometry of Ca 2+ to Pi. Because transfection by traditional DNA:CaPi coprecipitates is pH dependent, 22 we examined the influence of pH on DNA:CaPi:Ad coprecipitates. Figure  2b shows that formation of DNA:CaPi:Ad coprecipitates at a pH of approximately 7.8 generated maximal expression and that efficiency fell at a pH below 7 or above 8. Our earlier work indicated that these values of pH did not affect the ability of adenovirus to infect cells. 19 Expression was also dependent on the plasmid concentration used to form coprecipitates ( Figure 2c ). As we pre- viously reported for coprecipitates of CaPi and adenovirus, the optimal time for formation of coprecipitates before application to cells was time dependent with best results obtained with a 30 min to 3 h incubation (not shown).
We also examined the length of time the DNA:CaPi:Ad coprecipitates were incubated with cells ( Figure 3 ). With incubation times from 30 min to 8 h there was little difference in expression. This suggests that the interaction of the complex with the cells is relatively rapid.
The use of some transfection reagents is limited because they are unstable in the presence of serum. Figure 4 shows that although the DNA:CaPi:Ad coprecipitates had to be generated in serum-free conditions, once formed they were stable in up to 20% fetal calf serum.
Including adenovirus in a coprecipitate with DNA and CaPi enhanced gene transfer to a number of different cell types (Table 1) . Although there was variability in the Ca 2+ concentration required for optimal expression, in the absolute level of transgene expression, and in the degree of enhancement compared to DNA:CaPi alone, we observed an increase in transgene expression with all of the cell lines tested.
Adenovirus does not increase cellular association of DNA:CaPi coprecipitates To learn whether adenovirus enhances gene transfer by increasing association of plasmid DNA with the cell, we fluorescently labeled DNA and measured cell-associated flurorescence in NIH-3T3 cells by FACS analysis. Figure  5 shows that incorporating plasmid DNA into a CaPi coprecipitate increased DNA associated with the cell. However, this was not increased further by addition of adenovirus to the coprecipitate. Studies using radioactively labeled plasmid demonstrated similar results (data not shown). These data suggest that enhanced expression with adenovirus is not due to increased association of plasmid with cells.
Enhanced transfection does not require active adenoviral genes Figure 6 shows that as we increased the number of adenoviral particles added during coprecipitate formation, transgene expression increased. It is possible that this effect could be due to production of virus-encoded proteins that stimulate plasmid transcription. To test this possibility, we inactivated adenoviral DNA using a previously published psoralen/UV inactivation protocol. 6 Inactivation of the virus had little effect on plasmidmediated transgene expression ( Figure 6 ), suggesting that active viral genes are not required for enhancement.
Anti-hexon antibody inhibits transfection by DNA:CaPi:Ad coprecipitates The data presented above suggest that viral proteins enhance transgene expression. To test this further, we used an anti-hexon antibody to neutralize the adenovirus. Anti-hexon antibodies are thought to neutralize adenovirus by disrupting escape of the virus from endosomes and/or by interfering with traffic of viral DNA to the nucleus. We incubated Ad5Luciferase with an antihexon antibody before formation of the coprecipitate. Figure 7a shows that the anti-hexon antibody decreased adenovirus-mediated transgene expression whether the virus was delivered alone or in a CaPi coprecipitate. Figure 7b shows that neutralization of the virus also inhibited transgene expression from the plasmid. Anti- hexon antibody inhibited expression when added before or after coprecipitate formation (not shown). Thus, inhibition by antibody could not be attributed to reduced virus incorporation in the coprecipitate. The data suggest that an intact viral capsid is required for efficient transfection by DNA:CaPi:Ad coprecipitates, suggesting that the adenovirus plays an important role in escape from the endosome and/or traffic of plasmid DNA to the nucleus.
Comparison of DNA:CaPi:Ad coprecipitates to other transfection methods We compared the relative efficiency of DNA:CaPi:Ad coprecipitates to that obtained with two other transfection reagents, Lipofectin 1,23 and polyethylenimine PEI. 13, 14 We chose these agents because they are widely used, are effective for transfection, and are available commercially. We generated complexes of plasmid DNA with each reagent and transfected NIH-3T3 cells. Figure 8 shows that including adenovirus in the transfection complex enhanced transfection by both DNA:PEI complexes and DNA:CaPi coprecipitates. At optimal ratios, DNA:PEI:Ad complexes and DNA:CaPi:Ad coprecipitates generated similar levels of transgene expression. Adenovirus had a much smaller effect when incorporated into complexes of DNA and Lipofectin, and maximum expression was approximately 10-fold lower than with the other two reagents. Figure 8 shows expression as ␤-galactosidase activity per milligram of cell protein. However, expressing the data per milligram of protein can obscure cell toxicity. Figure 9 shows an evaluation of toxicity using the sensitive calcein AM, ethidium homodimer method and FACS analysis. 24, 25 Following transfection of the cells for 1 h, the DNA:CaPi:Ad coprecipitates showed no increase in cell 14 and Lipofectin 8 were formed under optimal conditions based on previous reports and our own unpublished work and previous reports 1, 13, 14, 23 .
Complexes were formed without (hatched bars) or with (solid bars) 10 000 particles adenovirus/ml and applied to cells for 1 h.
Data are mean ± s.e.m. with n = 3 from one experiment; the experiment was repeated at least twice. Figure 8 . toxicity, even at Ca 2+ concentrations 25 times the optimal transfection concentration. In contrast, PEI and Lipofectin both showed significant toxicity at or near their optimal transfection concentrations. Relative toxicity associated with PEI, Lipofectin and CaPi may vary from cell type to cell type and, should be investigated for other specific applications.
Figure 9 Effect of transfection on cellular toxicity. NIH-3T3 cells were transfected with indicated reagents including adenovirus under conditions identical to those indicated in the legend of

Discussion
Since they were first described, 16 DNA:CaPi coprecipitates have often been used for in vitro expression of heterologous DNA. However, a major limitation has been poor efficiency in many cell types. Moreover, because of the limited effectiveness, DNA:CaPi coprecipitates have been applied to cells for long incubation times in simple NaCl solutions that have led to cell toxicity. 22, 26, 27 For example, a standard protocol involves treating cells with DNA:CaPi coprecipitates in Hepes-buffered saline (pH 7.1) for 16 h. 15 We also found that with long exposure times CaPi could produce significant cell toxicity. In earlier work, we found that CaPi coprecipitates were relatively effective at binding to cells, and we were able to use this property to enhance markedly delivery of adenovirus to cells that were normally resistant to infection. 19 Once taken up by the cell, the adenoviral capsid proteins facilitated escape from the endosome and delivery of adenovirus DNA to the nucleus. 20 These observations suggested that a CaPi precipitate might enhance binding to cells and subsequent uptake by phagocytosis/ endocytosis. However, they probably did not facilitate steps subsequent to uptake. Therefore we reasoned that if we included adenovirus in a DNA:CaPi coprecipitate we might enhance transfection. The data shown here indicate that this is the case.
The properties of the DNA:CaPi:Ad coprecipitates that maximize transfection are similar to those previously reported for DNA:CaPi coprecipitates 22 and for coprecipitates of Ad:CaPi. 19 Optimal transfection depended on optimizing the concentration of Ca 2+ and Pi, as well as pH and plasmid concentration. After optimizing expression in NIH-3T3 cells, there were few changes required for transfection of several other cell types.
Our data combined with earlier work allow some conclusions and speculations about the cellular mechanisms involved. The CaPi condenses the DNA and adenovirus into particles that bind nonspecifically to the cell surface and are phagocytosed. The mechanism by which the adenovirus facilitates plasmid-mediated transgene expression was not due to an enhancement of DNA association with the cell. Moreover, enhancement of expression did not require functional adenovirus DNA. Instead, adenovirus facilitated steps subsequent to uptake. This function was dependent on the adenovirus capsid, as demonstrated by the inhibition of expression when adenovirus was neutralized by anti-hexon antibody. It seems most likely that adenovirus stimulated release of plasmid DNA from the endosome, although we cannot exclude the possibility that it may have facilitated plasmid DNA transfer to the nucleus. As indicated above, adenovirus has been incorporated into other gene transfer vectors, including cationic lipids and receptortargeted polylysine complexes. [5] [6] [7] [8] 10, 12, 14 In these cases adenovirus is also thought to facilitate escape of the plasmid from the endosome.
These studies open several avenues for future investigation. Once the DNA:CaPi:Ad coprecipitates enter the cell, the fall in pH in the phagosome/endosome will dissolve the precipitates, releasing DNA and the adenovirus. Thus, perhaps incorporation of other endosomolytic compounds that are less chemically complicated and potentially less immunogenic than adenovirus could yield a significant advantage. In addition, compounds that could facilitate plasmid targeting to the nucleus might be incorporated in coprecipitates. CaPi coprecipitates provide a convenient vehicle for investigating the cellular mechanisms involved. In addition, they may have an advantage as compared with cationic lipids and polylysine for investigating cellular mechanisms and developing new approaches; after entry into the cell dissociation of the anionic DNA and the cationic lipid or poly-l-lysine may be slow and limiting (Ref. 28 and unpublished) . In contrast, Ca 2+ and Pi may readily dissociate from the DNA when pH falls in the endosome.
The DNA:CaPi:Ad coprecipitates we describe have some advantages for transfection as compared with other methods. They are simple to prepare and once formed, the coprecipitates were stable for several hours and in the presence of serum. The time required for transfection was short. The DNA:CaPi:Ad coprecipitates were as effective as other transfecting reagents, but showed little of the cellular toxicity that is often observed with transfection. Thus, they should facilitate gene transfer in vitro, and with additional modifications they may have applications in vivo.
Materials and methods
Cell culture NIH-3T3 cells were cultured on 24-well plates (Corning, 25820, Acton, MA, USA) in Dulbecco's minimal essential medium (DMEM, high glucose) supplemented with 10% fetal calf serum (FCS) (Sigma Chemical, St Louis, MO, USA), 100 U/ml penicillin and 100 g/ml streptomycin (P/S). HeLa cells were cultured in Eagle's minimal essential medium (EMEM, Life Technologies, Frederick, MD, USA) supplemented with 10% FCS, 10 mm nonessential amino acids (Sigma) and P/S. MDCK cells were cultured in a 50:50 mix of DMEM and Ham's F-12 with 5% FCS and P/S. Fisher rat thyroid (FRT) epithelia were cultured in Ham's F12 with 5% FCS and P/S. M1 cells were cultured in a 50:50 mix of DMEM and Ham's F-12 with 5% FCS, 5 m dexamethasone and P/S. Cultured cell lines were infected 24 h after seeding when the cells were approximately 70-90% confluent (approximately 1 × 10 6 cells per well).
Vectors and vector-related reagents
Recombinant adenovirus vectors expressing green fluorescent protein (Ad5GFP) and Luciferase (Ad5Luciferase) were prepared by the University of Iowa Gene Transfer Vector Core as previously described 25 at titers of approximately 2 × 10 10 IU/ml; the particle/infectious unit (IU) ratio was approximately 50. For studies using a neutralizing antibody (Virostat, 1401, Portland, ME, USA), a 1:100 dilution of antibody was incubated with 2 × 10 10 particles of virus for 30 min at room temperature before formation of coprecipitates. For some experiments, virus was inactivated by psoralen/UV treatment as described by Cotten et al; 29 the inactivated virus showed a greater than 10 6 decrease in titer. As a reporter plasmid, we used p␤Gal-NLS which expresses ␤-galactosidase; this plasmid was a gift of Dr Sam Wadsworth (Genzyme, Framingham, MA, USA). Polyethylenimine (PEI, MW 25000, Aldrich 40872-7, Milwaukee, WI, USA) was prepared as a 10 mm stock and complexes were formed as described. 13, 14 Lipofectin (Gibco) was complexed as previously described.
23,30
Formation of DNA:CaPi:adenovirus coprecipitates To generate coprecipitates of plasmid DNA, CaPi and adenovirus (DNA:CaPi:Ad coprecipitates), we placed 2 × 10 10 particles (4 × 10 8 IU, final MOI 400) of recombinant adenovirus, 6 g of plasmid (p␤Gal-NLS) in 1 ml of EMEM (M-0268, Sigma) at pH 7.8. The EMEM contains 1.8 mm Ca 2+ and 0.86 mm Pi. Then, an aliquot of a 2 m CaCl 2 (CaCl 2 · 2H 2 O, E1200; Promega, Madison, WI, USA) solution was added to achieve the desired Ca 2+ concentration. For many of the cells evaluated, the optimal CaCl 2 added was 2 l of the 2 m stock (the final Ca 2+ concentration was 5.6 mm). However, a wide range of adenovirus particles and concentrations of Ca 2+ and Pi were used as described. Note that the Ca 2+ and Pi concentrations refer to total, rather than free concentrations. The solution was mixed by vortex or gentle pipette tip aspiration. Unless otherwise noted, the mixture was allowed to incubate for 20-30 min at room temperature. Then, 250 l was applied to cells for 30 min at 37°C followed by washing the surface with 37°C medium to remove the coprecipitate.
Cy-5 labeling of DNA A 1.7 kb Cy-5-labeled DNA fragment was produced by polymerase chain reaction (PCR) amplification. Briefly, a 1.7 kb fragment of CFTR was amplified from pTM-CFTR-4 using an upstream (5ЈCCCTTCTGTTGATTCTGCT GAC3Ј) and downstream primer (5ЈAATGTTCCATTTT AGAAGTGACCA3Ј). The PCR reaction contained 10 nm Tris-HCl (pH 8.3), 50 mm KCl, 1.5 mm MgCl 2 , 200 m each dATP, dTTP, dCTP, 100 m dCTP, 100 m Cy-5 dCTP (Amersham, Arlington Heights, IL, USA), 0.5 m each primer, 1 unit Taq polymerase and 50 ng pTM-CFTR-4. The mixture was overlaid with 50 l light mineral oil. The reaction was incubated at 95°C for 2 min, 95°C 20 s, 58°C 30 s, 72°C 1 min for 40 cycles, and concluded at 72°C for 1 min. The Cy-5 labeled product was phenol/chloroform purified and ethanol precipitated to purify the labeled PCR product for the unincorporated nucleotides.
Uptake of the labeled DNA was quantified by fluorescence-activated cell sorting (FACS) (Becton Dickinson, Bedford, MA, USA). Coprecipitates were formed and transfected as described above with one exception; the DNA included 3 g of Cy-5 labeled DNA and 3 g of p␤Gal-NLS. At the indicated time-points cells were briefly trypsinized, quenched in serum-containing media and pelleted by centrifugation. Relative fluorescence was then examined by FACS analysis. Fluorescent shifts for each condition demonstrated Gaussian distributions and relative fluorescence was compared by averaging median fluorescence.
Evaluation of transgene expression and cytotoxicity
Enzymatic activities of ␤-galactosidase and luciferase were assayed 18-24 h after application of vector, as previously described. 31 X-gal staining of epithelia was as previously described. 32 Individual experiments were performed using three sets of cells and all experiments were repeated at least twice. Statistical significance was evaluated using a paired or unpaired t test.
Cellular toxicity was determined using the LIVE/ DEAD viability/cytotoxicity kit L-3224 (Molecular Probes, Eugene, OR, USA). This sensitive assay uses two fluorescent reporters, calcein AM and ethidium homodimer, to determine cell viability by FACS analysis as described. 24, 25 
